The peripheral taste system of the adult rodent is highly resilient against damage, with morphological, behavioral, and functional recovery evident after regeneration of a transected nerve. If chorda tympani transection (CTX) occurs at early postnatal ages however, the nerve fails to regenerate and effects on tongue morphology and behavior are more severe and longer-lasting compared to adult denervation. To examine whether neonatal CTX induces functional changes in intact nerves, whole-nerve electrophysiology was performed on the glossopharyngeal (GL) and chorda tympani (CT) nerves of adult rats that received CTX at P10. Attenuation of NaCl-elicited GL responses were observed in CTX rats 2 months after surgery, with bilateral denervation causing the largest decreases in responses. When assessed 1 year after neonatal CTX, amiloride-sensitive responses to NaCl in the contralateral CT increased while amiloride-insensitive responses decreased. Responses to other tastants were consistent with control animals. This is the first evidence of long-term functional changes to the peripheral taste system after injury in rats fed a normal diet. This study further characterizes the developing peripheral taste system as highly susceptible to change following neural injury.
Introduction
Injury to the peripheral rodent taste system produces differential behavioral, functional, and morphological outcomes depending on the animal's age at insult. While denervation of the chorda tympani (CT) or glossopharyngeal (GL) nerves produces alterations to the taste system when performed in adult rats, these changes are reversed following nerve regeneration (Oakley 1967; Hosley et al. 1987; Hård af Segerstad et al. 1989; St John et al. 1995; King et al. 1999 King et al. , 2000 Kopka et al. 2000; St John et al. 2003; Sollars 2005) . When CT transection (CTX) occurs at early postnatal ages, however, there is no evidence of nerve regeneration, and reductions in taste bud volume and altered papillae morphology are more severe (Sollars and Bernstein 1996; Sollars et al. 2002; Sollars 2005) . Similarly, GL transection or crush in rats produces more extreme effects on taste bud development when this surgery is performed at early postnatal ages compared to adults (Hosley et al. 1987) . Bilateral CTX at postnatal day 10 (P10) leads to an adult preference for ammonium chloride (NH 4 Cl) (Sollars and Bernstein 1996) , a salt to which intact adult rats display an indifference or aversion (Smith 1974) . This observation stands in contrast with the relatively small changes in taste preference that occur after nerve transection in adults (Pfaffmann 1952; Akaike et al. 1965; Yamamoto and Asai 1986; Grill et al. 1992; Markison et al. 1995; Sollars and Bernstein 1996; Spector et al. 1996 ). There appears to be a sensitive period in taste system development, during which damage produces more severe and longer-lasting effects.
To assess whether functional changes also occur after early denervation, electrophysiological recordings have been performed in the nucleus of the solitary tract (NTS) of adult rats that received unilateral CTX at P10 (Dinkins and Travers 1999) . No differences in NTS organization or activity were found that could explain the increased preference for NH 4 Cl after early denervation. A greater number of NTS neurons on the denervated side were found to receive input from the greater superficial petrosal nerve (GSP) compared to the intact side suggesting that terminal field structure and/ or function of the GSP may be altered after neonatal CTX.
Since few recordings were made from cells that received GL input, it remains unclear if neonatal CTX alters GL structure or function. Adult rats' NH 4 Cl preference occurs after bilateral neonatal CTX (Sollars and Bernstein 1996) , in contrast to the unilateral section performed prior to NTS recordings (Dinkins and Travers 1999) . In hamsters, a large portion of NTS cells receive taste information from the contralateral CT, via projections from the contralateral NTS (Li et al. 2008 ). Although it is not clear whether a similar pathway exists in rats, it is possible that NTS activity following unilateral CTX may be quite different than when transection occurs bilaterally. Further, by using each animal as its own control, it cannot be determined whether input from the intact CT is altered after contralateral CTX at P10.
To determine if long-term functional changes to the peripheral taste system occur following neonatal CT denervation, we recorded whole-nerve responses from the GL and intact CT from adult rats that received CTX or a control surgery at P10. We chose to record from the GL and intact, contralateral CT following neonatal CTX, as these nerves have innervating fields closely apposed to taste buds normally innervated by the transected CT. Further, we wanted to determine whether changes in GL responses to NH 4 Cl could account for the preference rats display for this tastant after early CT denervation. We found amiloride-insensitive NaCl responses were lower in the GL and intact CT of rats receiving CTX at P10, indicating that receptors mediating this nerve response show a long-term downregulation after early neural injury.
Method Subjects
Twenty-eight female Sprague-Dawley rats were utilized for this study. Animals were bred at the University of Nebraska at Omaha, with the day of birth designated as P0. All experimental litters had at least 7 pups and were culled to a maximum of 12 to ensure that rats received similar nutrition and had comparable rates of development. Animals were weaned at P25 and given free access to water and chow (Teklad). Rats were housed in clear Plexiglas tubs with corncob bedding and maintained on a 12:12 light/dark cycle. All procedures were approved by the local Institutional Animal Care and Use Committee.
Surgery
At P10, rats (16.5-25.2 g) received unilateral CTX (UniCTX), bilateral CTX (BiCTX), or a SHAM surgery. All UniCTX was performed on the right CT. Each surgical group consisted of 5 animals and contained rats from at least 3 different litters.
Neonatal rats were anesthetized with Brevital Sodium (60 mg/ kg i.p.) and placed on a heating pad to maintain body temperature. Animals were determined to be sufficiently anesthetized for surgery following the absence of the pedal reflex. Once anesthetized, a small incision was made to the ventral-medial neck. Using 2 pairs of fine-tipped forceps, the tissue overlying the lingual nerve was gently separated, and the lingual nerve was then traced caudally to where it joins the CT. The CT was crushed at the intercept with the lingual nerve and evulsed, removing a large portion of the nerve. In animals receiving BiCTX, the procedure was repeated on the contralateral nerve. For SHAM surgeries, the CT was accessed in the same manner but left intact. Following surgery, rats were placed on a heating pad and monitored until they recovered from the anesthetic. Recovery normally occurred within a half-hour. We have previously observed that rats often begin suckling behavior within 30-60 min after placement with the dam (Sollars and Bernstein 1996; Sollars et al. 2002; Sollars 2005) .
Electrophysiology

GL recordings
Whole-nerve electrophysiology was performed on the right GL 52-86 days after surgery. This time period was used since behavioral tests demonstrating NH 4 Cl preference began 50 days after BiCTX (Sollars and Bernstein 1996) . To test the sensitivity of the GL to the epithelial sodium channel (ENaC) blocker amiloride, GL recordings were also performed in 3 animals (aged P81-P94) that did not receive surgery. Rats receiving CTX or SHAM surgery (169-262 g) and nonsurgical rats (234-253 g) were anesthetized with a mixture of ketamine and xylazine (73 mg/kg ketamine, 7 mg/ kg xylazine i.p.), with supplemental doses administered as necessary. Body temperature was maintained using a watercirculating heating pad. Animals were determined to be sufficiently anesthetized following the absence of the pedal reflex.
Once anesthetized, the hypoglossal and superior laryngeal nerves were transected bilaterally to prevent tongue movement and swallowing, respectively. The trachea was cannulated to allow normal breathing during stimulus administration. A polyethylene tube for stimulus delivery was inserted though the mouth into the esophagus, where it exited via a small incision. The esophagus was sutured anterior to the incision to ensure that stimuli did not flow back beyond this point. In order to allow the tube to rest at a consistent location in the back of the oral cavity, a flange was added. The portion of the tube seated in the mouth was blocked off at the tip, forcing solutions to exit through a small serration oriented toward the posterior tongue.
At this point, the animal was placed in a supine position in a nontraumatic headholder tilted approximately 20° to the right, allowing tastants to rest on the right foliate papillae. A suture was inserted in the tongue just posterior to the intermolar eminence. This suture enabled the tongue to be stretched anteriorly, opening the trenches of the circumvallate and foliate papillae to provide more rapid application and removal of taste stimuli. In 1 animal, 5 mL of 0.1% methylene blue was pumped through the esophageal tubing by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from over 10 s after data collection to ensure the stimulus delivery procedure optimally stimulated taste buds. The right cheek was cut open, and staining was observed in the circumvallate and right foliate papillae.
To expose the right GL, the posterior digastricus muscle and posterior horn of the hyoid bone were removed. The fascia overlying the GL was dissected, and the nerve was cut near its exit from the skull. The GL was then desheathed and placed on a platinum electrode, with a grounding electrode inserted into nearby tissue. A mixture of petroleum jelly and mineral oil was placed on the nerve to prevent desiccation. Summated electrical activity was amplified (×50 000; bandpass filter 30-1000 Hz) and monitored via an oscilloscope and speaker. The amplified neural response was integrated with a time constant of 0.5 s (Kitada et al. 1998; Sollars and Hill 1998, 2000) and recorded using MacLab Scope (ADInstruments).
CT recordings
Whole-nerve CT recordings were performed from the left CT 351-377 days after UniCTX or SHAM surgery. This long time point after surgery was used to estimate the length of time animals experience changes in nerve function. Rats (318-432 g) were anesthetized with sodium pentobarbital (50 mg/kg), with supplemental doses given as necessary. Following the absence of the pedal reflex, rats were moved to a water-circulating heating pad. The trachea was then cannulated, and the hypoglossal and superior laryngeal nerves were transected bilaterally. Animals were placed in a nontraumatic headholder, and the CT was accessed using the mandibular approach. The nerve was cut near the tympanic bulla, desheathed, and placed on a platinum electrode. A grounding electrode was then positioned in nearby tissue to serve as a reference. The nerve was then covered in a mixture of petroleum jelly and mineral oil. Similar to GL recordings, electrical activity from the CT was amplified (×20 000; band-pass filter 30-1000 Hz) and monitored via an oscilloscope and speaker. The amplified neural response was integrated with a time constant of 0.5 s (Kitada et al. 1998; Sollars and Hill 1998, 2000) and recorded using MacLab Scope (ADInstruments).
Taste stimuli and stimulation
GL recordings after neonatal surgery
Taste stimuli included: 0.05-1 M NH 4 Cl; 0.05-1 M NaCl; 0.05-0.5 M sucrose; 0.01-0.1 M citric acid; 0.01 M quinine hydrochloride; and 0.01-0.1 N HCl. All chemicals were reagent grade and prepared in distilled water. Room temperature stimuli were fed through the esophageal tubing via syringe at a rate of 0.5 mL/s for 10 s in order to stimulate taste buds on the posterior tongue. The stimulus remained in the mouth for at least 30 s. This procedure was employed to limit the contribution of tactile input during the steady state response, as stimuli were delivered by hand. To remove tastants from the mouth, distilled water was administered through the tubing for at least 40 s. Rinsing continued until activity returned to baseline levels. Similar stimulus administration procedures have been used for single-cell and wholenerve GSP recordings (Sollars and Hill 1998 , 2005 . Since stimuli were administered by hand and we could not ensure that there were no differences in flow rate between animals, we did not compare phasic responses between surgical groups. No attempt was made to measure posterior tongue responses to purely tactile stimulation.
For whole-nerve recordings, tastant-evoked changes in voltage cannot be used as the dependent measure, since small differences in amplification or nerve placement can affect the magnitude of response. For this reason, it is common to make a comparison between the change in response for a solution of interest and a standard stimulus, typically 0.5 M NH 4 Cl (Phillips and Hill 1996; Kitada et al. 1998; Sollars and Hill 1998; Wall and McCluskey 2008; Steen et al. 2010; He et al. 2012) . Since the nerve response to NH 4 Cl stimulation was of interest in this study, 0.5 M potassium chloride (KCl) was used as a standard in addition to 0.5 M NH 4 Cl. Although it is likely that NH 4 Cl and KCl are transduced through similar mechanisms (DeSimone et al. 2001) , neonatal CTX alters adult preference for NH 4 Cl, but not KCl (Sollars and Bernstein 1996) . Use of a sour or bitter standard would be inadvisable as it is been recently proposed that amiloride-insensitive salt transduction occurs via bitter and sour pathways (Oka et al. 2013) . Additionally, sweet and umami substances evoke minimal responses in the GL of rats (Sako et al. 2000) , making them unsuitable as standards. For these reasons, KCl was employed as an additional standard.
For each series of stimuli tested, 0.5 M NH 4 Cl and 0.5 M KCl were presented before and after the series to ensure the stability of the nerve's response. Data for a series was used for analysis only when responses to each of these standard stimuli before and after the series differed by less than 15% (Kitada et al. 1998) .
CT recordings
Taste stimuli included: 0.01-0.5 M NH 4 Cl; 0.05-1 M sucrose; 0.001-0.01 M citric acid; 0.01 M quinine; 0.01-0.5 M NaCl; and 0.01-0.5 M NaCl mixed with 100 µM amiloride. All chemicals were reagent grade and dissolved in distilled water. Room temperature stimuli were administered onto the anterior tongue by hand-operated syringe at a rate of 0.5 mL/s for 10 s. The tongue was rinsed with distilled water starting 40 s after stimulus onset for at least 60 s. Additional rinsing was employed if necessary until activity returned to baseline levels. Responses were compared to a standard stimulus, 0.5 M NH 4 Cl, which was administered before and after each series. Data from a series was used only if the change in response to 0.5 M NH 4 Cl before and after the series differed by less than 10% (Hill and Phillips 1994; Phillips and Hill 1996; Hendricks et al. 2002; Wall and McCluskey 2008; Steen et al. 2010; He et al. 2012) . After all but the final series was recorded, the tongue was rinsed with 100 µM amiloride for 1 min. A piece of cotton soaked with 100 µM amiloride was then placed on the tongue for at least 10 min. Finally, the NaCl series was repeated except that each NaCl solution was mixed with 100 µM amiloride, and 100 µM amiloride served as the rinse.
GL recordings in nonsurgical animals
Taste stimuli included 0.05-1 M NaCl and 0.05-1 M sodium acetate (NaAc). Stimulation procedures were similar to GL recordings from surgical animals. Stimuli were delivered by hand through the esophageal tubing at a rate of 0.5 mL/s for 10 s. Beginning 40 s after the start of stimulus administration, the tongue was rinsed with distilled water for at least 40 s until activity returned to baseline levels. NH 4 Cl (0.5 M) and 0.5 M KCl were delivered before and after each series to ensure the stability of the nerve's response, and these 2 stimuli were both used as standards. Data from a series were used only if the response for each standard before and after the series differed by less than 15%. After responses to NaCl and NaAc were recorded, 10 µM amiloride was pumped through the tubing for at least 3 min. This procedure was used to confirm that taste receptor cells (TRCs) innervated by the GL do not contain functional ENaCs, as demonstrated previously using different stimulation procedures (Formaker and Hill 1991; Kitada et al. 1998) . The NaCl and NaAc series were recorded again, with each solution mixed with 10 µM amiloride and 10 µM amiloride serving as the rinse. Once these series were recorded, 100 µM amiloride was pumped through the tubing for 3 min, and the NaCl and NaAc series were again completed. Each of these solutions was mixed with 100 µM amiloride, and 100 µM amiloride was used to rinse the tongue after the administration of each stimulus.
Confirmation of CTX
After all stimuli had been administered in rats receiving neonatal surgery, animals were overdosed with an intracardiac injection of ketamine/xylazine or sodium pentobarbital. Following the cessation of heartbeat, the tongue was removed and coated with 0.1% methylene blue in order to visualize fungiform papillae on the anterior tongue. Neonatal CTX results in a permanent decrease in fungiform papillae frequency Sollars 2005) . Since the CT innervates fungiform taste buds ipsilaterally, it is easy to distinguish UniCTX, BiCTX, and SHAM animals based on the number of visible papillae. The dorsal surface of each animal's tongue was observed in this manner, and the success of surgery was verified in all cases.
Data analysis
All statistical tests were performed using SPSS 21 (SPSS Inc.). The mean change in neural activity following administration of a tastant was the measure of interest and was identified by averaging the amplified activity of the nerve (in volts) 20-35 s after the onset of the stimulus. This time period was assessed to determine whether neonatal CTX alters taste transduction. Steady state activity was compared to a 15-s period ending 5 s before stimulus onset (baseline activity). The response for each standard before and after a series was averaged, and the change in activity for each concentration of a stimulus was divided by this average. This yielded a response relative to 0.5 M NH 4 Cl (for CT and GL recordings) and a response relative to 0.5 M KCl (for GL recordings only) for each stimulus concentration.
To compare the response-concentration curves for NH 4 Cl, each animal's responses to concentrations of NH 4 Cl were divided by the response to the highest NH 4 Cl concentration (1.0 M for GL recordings and 0.5 M for CT recordings). Next, a scatter plot was generated for each animal, displaying the responses for each concentration of NH 4 Cl relative to the highest concentration. The area under the curve was found Figure 1 Mean (±SEM) GL responses to NaCl relative to 0.5 M NH 4 Cl (A) and 0.5 M KCl (B). When responses were compared relative to NH 4 Cl, there was an overall difference in GL responses between surgical conditions. Relative to KCl, a trend for a difference between groups was found. *Significant difference between BiCTX and SHAM animals (P < 0.05); ‡ Significant difference in nerve response between UniCTX and SHAM rats (P < 0.05). for each rat in arbitrary units 2 and averaged within surgical groups. This analysis provides information about whether animals in different surgical groups have comparable rates of change in the magnitude of response to NH 4 Cl as the solution concentration increases. Different rates of change could indicate differences in how the stimulus is transduced.
For solutions presented with amiloride, the percent of the normal response suppressed by amiloride was calculated using the following formula:
where RM before is the relative magnitude of response to a solution before amiloride presentation, and RM after is the relative magnitude of response to a solution after and during lingual treatment with amiloride (Sollars and Hill 1998, 2000) . A suppression of 100% would indicate that amiloride eliminated the nerve's response to a solution, while a suppression of 0% signifies the nerve's response to a solution is not affected by amiloride. Percent suppression is ideal for determining the effects of amiloride, as it allows for comparisons of low salt concentrations where the overall magnitude of response is fairly small. To determine differences in nerve response for each tastant, relative responses for each standard were averaged within groups and compared between conditions using repeated-measures ANOVAs. To compare response-concentration functions for NH 4 Cl, area under the curve was compared between groups using a one-way ANOVA (for GL recordings) or independent t-test (for CT recordings). If ANOVAs revealed a significant difference between groups (P < 0.05), independent t-tests (α = 0.05) were performed to assess differences at individual concentrations.
Results
GL recordings after neonatal surgery
CTX at P10 led to a selective decrease in responses to NaCl 2 months after surgery when compared with responses from SHAM animals. There was an overall significant difference in NaCl-elicited activity with 0.5 M NH 4 Cl as the standard (F(2,12) = 8.713, P = 0.005; Figure 1A ) and a trend for a significant difference in NaCl activity with 0.5 M KCl as the standard (F(2,12) = 3.403, P = 0.067; Figure 1B ). See Figure 2 for representative raw GL responses to NaCl for a BiCTX and SHAM animal. The inconsistency of results between standards (significant difference vs. trend) likely reflects the lower magnitude and higher variability of KCl responses, which thus creates a higher variation in relative responses. When using 0.5 M NH 4 Cl as the standard, post hoc t-tests revealed that BiCTX rats had significantly lower GL responses than SHAMs for the following NaCl concentrations: 0.25 M (t(8) = 2.776, P = 0.024); 0.5 M (t(8) = 4.566, P = 0.002); and 1 M (t(8) = 3.221, P = 0.012). Additionally, UniCTX rats had lower responses to 0.5 M NaCl compared to SHAMs (t(8) = 2.584, P = 0.032). There were no differences between UniCTX and BiCTX response for any concentration of NaCl. These results suggest that damage to the CT at P10 leads to a long-term reduction in GL sensitivity to NaCl. Further, it appears that BiCTX has a larger effect on NaCl-elicited GL activity than UniCTX.
No significant differences were found between groups for NH 4 Cl-elicited activity with 0.5 M KCl as the standard (F(2,12) = 0.140, P = 0.870; Figure 3 ). As another way to determine differences in NH 4 Cl responses between groups, Figure 2 Representative GL recordings from 2 adult rats that received either BiCTX or SHAM surgery at P10. The height of recordings was adjusted so that the change in response for 0.5 M NH 4 Cl is the same between animals. Black bars indicate the 10-s period of taste stimulation. Large taste/tactile responses were often observed in the GL during stimulus administration and rinsing. The grey bars display the 15-s period of steady state activity which was averaged and compared to baseline activity. Spikes in activity after the steady state period occurred during the onset of the distilled water rinse, and again once the last of the water was cleared from the tubing.
by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from the area under each animal's response-concentration curve was calculated and compared (see Figure 4A ). Using this analysis, there was no difference in area between surgical groups (F(2,12) = 1.967, P = 0.182; Figure 4B ). These results suggest that preferences for NH 4 Cl after neonatal CTX (Sollars and Bernstein 1996) are not related to altered GL activity.
No differences were seen between groups for sucrose with either 0.5 M NH 4 Cl (F(2,12) = 1.130, P = 0.355; Figure 5A ) or 0.5 M KCl (F(2,12) = 1.769, P = 0.212; Figure 6A ) as the standard. Nerve activity following quinine administration did not differ between groups when compared with activity from 0.5 M NH 4 Cl (F(2,12) = 2.617, P = 0.114; Figure 5B ) or 0.5 M KCl (F(2,12) = 2.702, P = 0.107; Figure 6B ). Similarly, citric acid-elicited activity did not differ between groups relative to 0.5 M NH 4 Cl (F(2,12) = 0.583, P = 0.573; Figure 5C ) or 0.5 M KCl (F(2,12) = 1.395, P = 0.285; Figure 6C ). Responses to HCl were not different between groups compared to 0.5 M NH 4 Cl (F(2,12) = 0.883, P = 0.439; Figure 5D ) or 0.5 M KCl (F(2,12) = 0.339, P = 0.719; Figure 6D ). These results indicate that functional differences following neonatal CTX are limited to NaCl as responses to sweet, sour, and bitter solutions were not different across surgical conditions.
For all stimuli tested, low concentrations often produced inhibitory responses in the GL. That is, the steady state activity was frequently lower than the baseline activity. Although we are not sure why this inhibition occurred, it was usually small in magnitude and did not appear to vary systematically between surgical conditions. It is possible that these responses are related to taste, as some cells of the CT and GSP show decreases in firing after application of certain tastants (Sollars and Hill 2005) . However, it is likely that these inhibitory responses are related to changing Figure 3 Mean (±SEM) integrated GL activity in response to NH 4 Cl stimulation relative to 0.5 M KCl. There were no differences between groups in nerve response to this solution. somatosensory input, as responses were lowest immediately after stimulus offset (see Figures 1, 2 , 5, and 6).
CT recordings after neonatal surgery
One year after surgery at P10, there were no differences in intact CT responses to NaCl between UniCTX and SHAM rats (F(1,8) = 0.045, P = 0.838; Figure 7A ). After application of amiloride, however, NaCl responses were significantly lower in rats that received UniCTX at P10 (F(1,8) = 5.328, P = 0.050; Figure 7A ). Post hoc tests revealed that amiloride-insensitive CT responses to NaCl were lower for UniCTX rats at 0.05 M (t(8) = 2.885, P = 0.021) and 0.1 M (t(8) = 2.489, P = 0.038). These results indicate that UniCTX causes a long-term reduction in amiloride-insensitive NaCl responses. Additionally, the suppression of NaCl responses by amiloride was significantly larger in UniCTX animals (F(1,8) = 6.934, P = 0.030; Figure 7B ), suggesting that amiloride-sensitive and amiloride-insensitive response dynamics are shifted following neonatal CTX. The percent of response suppressed by amiloride was significantly higher in UniCTX rats for: 0.05 M NaCl (t(8) = 2.341, P = 0.050; 0.1 M NaCl (t(8) = 2.622, P = 0.031); and 0.25 M NaCl (t(8) = 2.910, P = 0.020). See Figure 8 for raw CT responses to NaCl and NaCl mixed with 100 µM amiloride for a UniCTX and SHAM rat.
The area under the response-concentration curves for NH 4 Cl were not different between surgical groups (t(8) = 0.404, P = 0.698; Figure 4C ). This result, combined with findings from GL recordings, suggests that neonatal CTX does not alter peripheral taste responses to NH 4 Cl. There were no differences between groups in CT responses to sucrose (F(1,8) = 1.254, P = 0.295; Figure 9A ). The CT did not respond differently to quinine between groups (t(8) = 1.313, P = 0.229; Figure 9B ). Similarly, responses to citric acid were not different between UniCTX and SHAM rats (F(1,8) = 2.525, P = 0.151; Figure 9C ). It appears that neonatal CTX selectively influences nerve responses to NaCl as there were no differences between groups in response to other tastants.
GL recordings in nonsurgical rats
In nonsurgical animals, GL responses to sodium salts did not display amiloride sensitivity. GL responses to NaCl were not different when presented without amiloride, mixed with 10 µM amiloride, and mixed with 100 µM amiloride when compared relative to 0.5 M NH 4 Cl (F(2,6) = 0.563, P = 0.597; Figure 10A ) or 0.5 M KCl (F(2,6) = 0.782, P = 0.499; Figure 10B ). Similarly, there was no difference across amiloride conditions for NaAc relative to 0.5 M NH 4 Cl (F(2,6) = 0.423, P = 0.673; Figure 10C ) or 0.5 M KCl (F(2,6) = 1.613, P = 0.275; Figure 10D ). These results are consistent with previous studies demonstrating that sodium salt responses in the GL are not attenuated by amiloride (Formaker and Hill 1991; Kitada et al. 1998 ). This finding suggests that the lower GL responses to NaCl after neonatal CTX are related to a decrease in amiloride-insensitive sodium salt transduction. Similar to GL recordings in surgical animals, the lowest 2 concentrations of NaCl and NaAc frequently produced inhibitory responses. This was especially true for NaAc, as all animals displayed lower steady state activity compared to baseline activity for 0.05 and 0.1 M NaAc.
Discussion
Our results provide the first demonstration that damage to a taste nerve affects the long-term function of another taste nerve in animals fed a normal diet. While UniCTX in adult rats leads to a decrease in contralateral CT responses to NaCl, CT activity returns to normal levels 2 days after surgery (Wall and McCluskey 2008) . In the present study, Figure 7 CT responses to NaCl and the effects of amiloride. Mean (±SEM) integrated CT activity to NaCl mixed with water (solid lines) and NaCl mixed with 100 µM amiloride (dashed lines) is displayed (A). While there were no differences between surgical groups for NaCl responses without amiloride, UniCTX rats had lower amiloride-insensitive responses to NaCl. Mean (±SEM) percent of NaCl response suppressed by lingual application of 100 µM amiloride is also shown for UniCTX and SHAM rats (B). Amiloride suppressed NaCl responses significantly more in UniCTX rats compared to SHAM animals. *Significant post hoc difference (P < 0.05).
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http://chemse.oxfordjournals.org/ Downloaded from changes in GL activity were recorded 2 months after neonatal CTX, and altered CT activity was observed 1 year after surgery. These findings indicate that the observed injuryinduced differences in NaCl response are long-term, and perhaps permanent. Further, CTX at P10 appears to selectively change responses to NaCl, as this surgery did not lead to altered responses for any of the other tastants tested. Previous studies have reported that rat GL responses are not attenuated by amiloride (Formaker and Hill 1991; Kitada et al. 1998 ). This lack of amiloride sensitivity was supported in the present study by recording NaCl and NaAc responses in the GL before and after application of amiloride. Thus, it appears that the decrease in GL responses to NaCl in adult rats after CTX at P10 is the result of decreased amiloride-insensitive transduction. Similarly, CT responses to NaCl mixed with amiloride were lower in adult rats after neonatal CTX, indicating this surgery decreases amiloride-insensitive transduction on the anterior tongue. Interestingly, CT responses to NaCl without amiloride were not different between surgical groups, and suppression of NaCl responses by amiloride was higher in rats receiving neonatal CTX. These results suggest that the expression of functional ENaCs displays a long-term increase on the anterior tongue following CT denervation at P10.
One aim of the present study was to examine potential explanations for the development of the unusual preference in adult rats for NH 4 Cl that follows neonatal BiCTX (Sollars and Bernstein 1996) . We found no difference among surgical groups in GL responses to NH 4 Cl relative to 0.5 M KCl or in the area under the curve analysis. It is likely that NH 4 Cl and KCl share similar transduction mechanisms (DeSimone et al. 2001) , potentially complicating the interpretation of our results. Indeed, many single GL fibers that respond well to NH 4 Cl also respond to KCl and NaCl, although to a lesser degree (Frank 1991) . However, adult rats that received BiCTX at P10 do not show a change in preference for KCl (Sollars and Bernstein 1996) , and the current study suggests that NaCl responses change relative to NH 4 Cl after early denervation. These results indicate that while NH 4 Cl, KCl, and amiloride-insensitive NaCl pathways may share similar transduction mechanisms, the neural input is sufficiently differentiated such that it is valid to compare their responses.
While the time point we used to compare nerve responses (20-35 s after stimulus onset) is much longer than rats need to discriminate stimuli (Weiss and Di Lorenzo 2012) , this time period can provide information about how taste stimuli are transduced on the tongue. Our study addressed the possibility that rats receiving neonatal CTX would have altered GL responses to NH 4 Cl, potentially making the stimulus harder to detect or less intense. Our results suggest that changes in peripheral responses from the GL cannot account for the development of this preference after early denervation. Given the problems with finding a suitable second standard however, single fiber recordings would need to be performed to more definitively address this issue. The results seen in the present study are consistent with the greater severity of morphological and behavioral changes after neonatal compared to adult taste nerve transections. Adult rats receiving CTX display a large degree of recovery following nerve regeneration (Oakley 1967; St John et al. 1995; Kopka et al. 2000) . However, when CTX occurs at P10, there is an almost complete and permanent decrease in taste bud number and a greater change in fungiform papillae morphology compared to adult transections Sollars 2005) . Similar results are observed with GL crush or transections, where early denervation leads to a larger and longer-lasting degree of taste bud loss compared to later transections (Hosley et al. 1987) . Additionally, there is a greater severity of change to taste preference after early CTX compared to adult nerve cuts (Pfaffmann 1952; Akaike et al. 1965; Yamamoto and Asai 1986; Grill et al. 1992; Markison et al. 1995; Sollars and Bernstein 1996; Spector et al. 1996) .
The changes in NaCl response observed in the present study also appear to characterize the peripheral taste system as much more plastic during development than after maturation. In adults rats assessed 1 week after surgery, bilateral transection of either the GL or the CT does not change NaCl or quinine responses in the CT or GL, respectively (Akaike et al. 1965) . Combined unilateral GL and GSP transections in rats P15 or older do not alter CT responses to NaCl, NH 4 Cl, NaAc, sucrose, or HCl when observed 35 days after denervation (Corson and Hill 2011) . While previous studies have found no effect of nerve section on adjacent nerve function, in the present study, we observed lower NaCl responses in the GL and intact CT after CTX at P10 in addition to altered amiloride sensitivity in the intact CT. It is possible that these effects are evident only after a long period of time (2 months to 1 year, as in the present study), or that these differences require CTX rather than the sectioning of another nerve. Given the profound differences in morphological and behavioral outcomes between neonatal and adult CTX and the absence of evidence for functional changes to the adult peripheral taste system however, the evidence suggests that the injury-induced differences observed in the present study are the result of denervation occurring during a sensitive period in development.
It is possible that neonatal CTX alters the presence of circulating factors on the tongue that influence the expression of taste receptors. Indeed, rats under sodium restriction have altered immune responses on the tongue following adult CTX (McCluskey 2004; Steen et al. 2010; Shi et al. 2012 ) as well as changes in amiloride-sensitive sodium salt responses in the intact CT after adjacent nerve transection (Hill and Phillips 1994; Hendricks et al. 2002) . Circulating immune factors are thought to regulate the expression of ENaCs in TRCs after neural injury (Steen et al. 2010) , leading to the changes in intact nerve response seen in sodium restricted animals. Neonatal CTX may also alter taste responses by influencing neurotrophins such as brain-derived neurotrophic factor (BDNF)-a protein that is important for the normal development and maintenance of the peripheral taste system in mice (Agerman et al. 2003; Nosrat et al. 2012) . Rats under dietary sodium deprivation have lower CT responses to NaCl (Contreras and Frank 1979 ) even though there is no change in mRNA expression for ENaC subunits on the anterior tongue (Huang and Stähler 2009) . These rats also display lower Figure 9 Mean (± SEM) integrated CT activity for sucrose (A), quinine (B), and citric acid (C). There were no differences in CT responses between surgical groups for these solutions.
by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from BDNF mRNA expression in fungiform taste buds, indicating that BDNF may influence the way sodium taste information is transmitted from TRCs to the CT (Huang and Stähler 2009) . Any factors released on the tongue after neonatal CTX would likely be in close proximity to taste buds innervated by the contralateral CT and those innervated by the ipsilateral GL, as both the GL and CT innervate taste buds in foliate papillae (Fish et al. 1944; Oakley 1970; Yamamoto and Kawamura 1975; Bradley et al. 1986) .
In summary, this study demonstrates that functional changes to the peripheral taste system occur following neonatal CTX. Rats that receive CTX at P10 have lower amilorideinsensitive responses to NaCl in the GL and CT, and the CT shows greater suppression by amiloride in denervated animals without an increase in pre-amiloride NaCl responses. These changes were observed 2 months or 1 year after surgery in the GL and CT, respectively, indicating that the functional characteristics of the taste system can display long-term changes if nerve injury occurs during early postnatal development.
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